T helper (Th)1 cells have always been considered the trigger of type 1 diabetes whether in humans or in the nonobese diabetic (NOD) mouse ([@B1]--[@B3]). However, when the function of the genes encoding interferon (IFN)-γ ([@B4]), IFN-γ receptor ([@B5]), or the IFN-γ inducer interleukin (IL)-12 ([@B6]) were altered, the disease continued to manifest, suggesting that other effector T-cell subsets can sustain diabetes. Recently, it was shown that diabetic mice display elevated IL-17 expression ([@B7]--[@B9]) and that neutralization of IL-17 inhibited disease progression ([@B9],[@B10]), suggesting that Th17 cells can sustain development of type 1 diabetes ([@B11]). Therefore, modulation of both Th1 and Th17 cells would be required to contain the disease. Herein, we used the highly pathogenic T-cell receptor transgenic BDC2.5 T cells ([@B12]) and devised an effective Ig-based treatment by expressing the library-defined BDC2.5-reactive p79 mimotope ([@B13],[@B14]) on an Ig backbone. The resulting Ig-p79 was then used in defined disease transfer models ([@B7],[@B15]) to investigate tolerance of convertible and stable Th17 cells. The use of BDC2.5 transgenic T cells is relevant because they have been shown to react with chromogranin A self-antigen ([@B16]). Accordingly, BDC2.5 T cells were polarized in vitro and transferred into mice, and the hosts were treated with Ig-p79. The fate of the transferred T cells was then analyzed upon recovery from disease. The results show that Th17 cells transferred into NOD.scid mice converted into Th1 cells as previously reported ([@B15]). It is important that the treatment with Ig-p79 suppressed the transferred diabetes by interfering with the expression of the chemokine (C-X-C motif) receptor CXCR3 on the converted Th1 cells. As was reported ([@B7],[@B17]), when the Th17 cells were transferred into nonlymphopenic mice, they were unable to convert to Th1 cells. It is notable that the stable Th17 targets underwent apoptosis upon treatment with Ig-p79. Finally, the different fates of Th1 and Th17 cells were tied to their signature transcription factors: downregulation of T-box transcription factor T-bet led to diminished expression of CXCR3, and modulation of orphan nuclear receptor ROR-γt led to increased Fas ligand (FasL) expression.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Mice. {#s2}
-----

NOD (H-2^g7^), NOD.scid, NOD.BDC2.5, and BALB/c.IL-12a^tm1Jm^ (IL-12p35^−/−^) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). NOD.FoxP3^GFP.DTR^ mice were generated by breeding C57BL/6.FoxP3.^GFP.DTR^ mice onto the NOD background for seven backcross generations. The NOD.FoxP3^GFP.DTR^ mice were then bred with NOD.BDC2.5 mice to generate NOD.BDC2.5.FoxP3^GFP.DTR^ mice. NOD.scid.IL-12p35^−/−^ mice were generated by breeding BALB/c.IL-12p35^−/−^ mice with NOD.scid mice. All mice were used according to the guidelines of the University of Missouri Animal Care and Use Committee.

Peptides and Ig chimeras. {#s3}
-------------------------

p79 peptide corresponds to the mimotope (AVRPLWVRME). Hen egg lysozyme (HEL) peptide corresponds to aa residues 11--25 of HEL. Both peptides were purchased from metabion. Ig-p79 expresses p79, and Ig-HEL incorporates HEL peptide. The genetic engineering of p79 peptide into the heavy chain of the 91A3 anti-arsonate antibody and the production of Ig-p79 were accomplished according to methods used for Ig-HEL ([@B18]).

T-cell polarization. {#s4}
--------------------

Splenic cells (2 × 10^6^/mL) from age 4 to 6 weeks naïve NOD.BDC2.5.FoxP3^GFP.DTR^ mice were stimulated with p79 peptide (0.5 μmol/L) under Th1 or Th17 conditions for 4 days. For polarization into Th1 cells, the stimulation was carried out in the presence of recombinant (r)IL-12 (10 ng/mL; PeproTech) and anti--IL-4 (10 μg/mL \[11B11\]). For Th17 polarization, the culture was supplemented with recombinant transforming growth factor-β (3 ng/mL; PeproTech), rIL-6 (20 ng/mL; PeproTech), anti--IFN-γ (10 μg/mL \[R4--6A4\]), and anti--IL-4 (10 μg/mL \[11B11\]) antibodies and rIL-23 (20 ng/mL; R&D Systems) (only for the last 2 days).

Purification and adoptive transfer of polarized Th1 and Th17 cells. {#s5}
-------------------------------------------------------------------

Splenic cells were polarized under Th1 or Th17 conditions for 4 days. CD4^+^ T cells were purified by negative selection using CD4 T-cell isolation kit II (Miltenyi Biotec) and stimulated with phorbol myristic acid (PMA; 50 ng/mL) and ionomycin (500 ng/mL) for 2 h. The cells were then labeled using the mouse IFN-γ (allophycocyanin) and IL-17 (phycoethrin) detection kit from Miltenyi Biotec. Subsequently, the enriched Th17 (IL-17^+^IFN-γ^−^FoxP3^−^) and Th1 (IFN-γ^+^IL-17^−^FoxP3^−^) cells were sorted to at least 98% purity on a Beckman Coulter MoFlo XDP sorter and transferred intravenously into NOD.scid (3 × 10^6^ cells per mouse), NOD, or NOD.FoxP3^GFP.DTR^ mice (10 × 10^6^ cells per mouse).

Treatment with Ig-p79 and neutralizing anti-cytokine antibodies. {#s6}
----------------------------------------------------------------

Ig-p79 and the control Ig-HEL were injected into mice (300 μg/mouse i.p.) a few hours after cell transfer. For in vivo neutralization of IFN-γ or IL-17, the mice were given anti--IFN-γ (R4--6A4), anti--IL-17 (TC11--18H10), or isotype rat IgG1 control (300 μg/injection i.p.) on day 0, 2, 4, and 6 posttransfer.

Retroviral transduction. {#s7}
------------------------

The MSCV-CXCR3-IRES-Thy1.1 and empty MSCV-IRES-Thy1.1 vector used to overexpress CXCR3 in polarized Th17 cells were previously described ([@B19]). In brief, 293FT cells (Invitrogen) were transfected with either MSCV-CXCR3-IRES-Thy1.1 or MSCV-IRES-Thy1.1 vector along with the retroviral packaging vector (p-ψECO) by calcium chloride. The culture supernatant containing the retroviruses was used to transduce polarized Thy1.2 BDC2.5 Th17 cells. The CD4^+^ T cells were then isolated and used for transfer experiments.

Depletion of regulatory T cells. {#s8}
--------------------------------

Diphtheria toxin (DT; Sigma-Aldrich) was given to NOD.FoxP3^GFP.DTR^ mice (300 ng/mouse/injection i.p.) on day −2, −1, 2, 5, 8, 11, and 14 after cell transfer.

Intracellular staining. {#s9}
-----------------------

For detection of IFN-γ and IL-17 in CD4^+^ T cells from NOD.scid mice, the cells were stimulated with PMA (50 ng/mL) and ionomycin (500 ng/mL) for 2 h in the presence of Brefeldin A (10 μg/mL). For detection of IFN-γ and IL-17 in T cells from NOD or NOD.FoxP3^GFP.DTR^ mice, total splenic cells were stimulated with p79 mimotope (0.5 μmol/L) for 16 h with addition of Brefeldin A (10 μg/mL) for the last 2 h. For flow cytometry analyses, the cells were then stained for surface markers, fixed in 2% formaldehyde, permeabilized with 0.2% saponin, and stained for intracellular cytokines.

For nuclear detection of T-bet and ROR-γt, the cells were stained for surface markers, treated with Fix/Perm buffer (eBioscience), and then stained with anti--T-bet and anti--ROR-γt. Flow cytometry analyses use the Beckman Coulter CyAn ADP and Summit V4.3 software (Dako).

Histology. {#s10}
----------

Pancreata were frozen in optimal cutting temperature compound at −80°C. Cryosections of 8 μm thickness were cut 200 μm apart to prevent double counting of the same islet. At least three nonserial sections per pancreas were stained with hematoxylin-eosin and analyzed by light microscopy. Insulitis scoring was performed according to the following criteria: intrainsulitis, severe infiltration within the islet; peri-insulitis, infiltration restricted to the periphery of islets; and no insulitis, absence of cell infiltration.

Statistics. {#s11}
-----------

*P* values were calculated using the two-tailed Student *t* test. Details for antibodies, pancreatic cell isolation, and quantitative PCR are listed in the [Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1723/-/DC1).

RESULTS {#s12}
=======

Th17-to-Th1 conversion delays transfer of diabetes by polarized Th17 cells. {#s13}
---------------------------------------------------------------------------

To assess the diabetogenic function of BDC2.5-derived Th1 and Th17 cells, polarized IFN-γ^+^IL-17^−^ and IL-17^+^IFN-γ^−^ subsets were sorted ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1723/-/DC1)) and tested for transfer of diabetes into NOD.scid mice. The results show that Th1 cells induced diabetes within 4 to 5 days posttransfer, while the Th17 cells were delayed and took up to 9 days ([Fig. 1*A*](#F1){ref-type="fig"}). Since Th17 cells are plastic ([@B7],[@B15],[@B20]--[@B22]), the time lapse in disease transfer could be related to conversion to Th1 cells. Indeed, despite the thorough depletion of IFN-γ^+^ contaminants before cell transfer ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1723/-/DC1), right panels), a sizable portion of IFN-γ--producing cells was detected in the pancreatic lymph nodes (PLNs) of the host mice on day 3 posttransfer, and the Th1 cells outnumbered Th17 cells (23 vs. 16%, respectively) by day 7 ([Fig. 1*B*](#F1){ref-type="fig"}). It is important that the Th1 but not the residual Th17 cells are mediating the disease because in vivo neutralization of IFN-γ but not IL-17 abrogated diabetes ([Fig. 1*C*](#F1){ref-type="fig"}). In fact, conversion from Th17 to Th1 cells is essential for disease development because transfer of the Th17 cells into IL-12p35--deficient (IL-12p35^−/−^) hosts, an environment that may not favor conversion ([@B15],[@B20],[@B23],[@B24]), minimized the frequency of IFN-γ--producing cells and nullified development of diabetes ([Fig. 1*D*--*F*](#F1){ref-type="fig"}). Indeed, there was less of a decrease in the frequency of Th17 cells and less of an increase in the percentage of Th1 cells over time in both the spleen and pancreas of IL-12p35^−/−^ mice as compared with IL-12p35^+/+^ hosts ([Fig. 1*D*](#F1){ref-type="fig"}), and the Th1-to-Th17 ratio was significantly higher in IL-12p35^+/+^ versus IL-12p35^−/−^ mice in both organs ([Fig. 1*E*](#F1){ref-type="fig"}). Moreover, only 20% of the IL-12p35^−/−^ mice developed diabetes post Th17 cell transfer, while 100% of the IL-12p35^+/+^ littermates developed diabetes after the Th17 cell transfer ([Fig. 1*F*](#F1){ref-type="fig"}). In contrast, polarized Th1 cells induced a similar pattern of disease in both IL-12p35^−/−^ and IL-12p35^+/+^ recipients ([Fig. 1*F*](#F1){ref-type="fig"}). Thus, Th17 cells need to convert to Th1 cells to drive diabetes ([@B7],[@B15]), leading to a delayed disease onset.

![Th17 cells undergo cell conversion to sustain development of type 1 diabetes in NOD.scid mice. *A*: BDC2.5 T cells were polarized into Th1 or Th17 cells, subsets were highly purified and transferred into NOD.scid mice, and hosts (15 per group) were monitored for incidence of diabetes (blood glucose level of ≥300 mg/dL). *B*: Kinetics of Th17-to-Th1 conversion as measured by intracellular staining of IFN-γ and IL-17 in CD4^+^V-β4^+^ PLN T cells on day 3, 5, and 7 after cell transfer. Numbers indicate the percentage of cells in each quadrant. *C*: Neutralization of cytokines in vivo by treatment of Th17-recipient NOD.scid mice with anti--IL-17 (*n* = 8), anti--IFN-γ (*n* = 6), or rat IgG1 isotype control (*n* = 8) antibodies. *D*--*F*: Polarized BDC2.5 Th17 or Th1 cells were transferred into IL-12p35^−/−^ or IL-12p35^+/+^ NOD.scid mice, and the hosts were used to monitor Th17-to-Th1 conversion and disease development. *D*: Kinetics of cell conversion measured by intracellular cytokine staining of splenic and pancreatic CD4^+^V-β4^+^ T cells on day 4, 8, and 14 after Th17 cell transfer. The number in the quadrants indicates the percentage of cells producing IFN-γ or IL-17. *E*: Ratio of Th1 to Th17 (% IFN-γ--producing cells over % IL-17--producing cells) compiled from three independent experiments. Each bar represents the mean ± SEM of six mice. \*\**P* \< 0.01, \**P* \< 0.05. *F*: Incidence of diabetes (*n* = 12) upon transfer of Th17 or Th1 cells. Experiments were performed twice (*C*) or three times (*A*, *B*, *D*, and *E*) with consistent results.](2054fig1){#F1}

Treatment with Ig-p79 interferes with trafficking of converted Th1 cells to suppress diabetes. {#s14}
----------------------------------------------------------------------------------------------

To suppress diabetes mediated by Th17-derived Th1 cells, one would have to interfere with the conversion and/or inactivate the converted Th1 cells. Because delivery of diabetogenic peptides on Igs is effective against diabetes ([@B9],[@B18],[@B25],[@B26]), we constructed and used Ig-p79 to define the mechanism for tolerance of convertible Th17 cells. Accordingly, mouse recipients of Th17 cells were given Ig-p79 and monitored for resistance against diabetes. As shown in [Fig. 2*A*](#F2){ref-type="fig"}, 100% of the mice treated with Ig-p79 were protected against the disease, while all the hosts treated with the control Ig-HEL developed diabetes. As expected, free p79 mimotope was not protective. Furthermore, IFN-γ--producing cells were detected in the spleen on both day 4 and 8, regardless of whether the mice were given Ig-p79 or Ig-HEL, and IL-17--producing cells also were detectable in the spleen, but their percentage was much lower in Ig-p79 versus Ig-HEL treatment ([Fig. 2*B*](#F2){ref-type="fig"}). These results indicate that conversion from Th17 to Th1 occurs during treatment but to a greater extent with Ig-p79. We then sought to determine the frequency of these cells within the site of inflammation to correlate tolerance with suppression of diabetes. The results show that a very low frequency of Th17 cells relocated to the pancreas in either treatment, most likely as a result of conversion to Th1 cells ([Fig. 2*B*](#F2){ref-type="fig"}). The absolute number of Th17 cells in the pancreas was also minimal ([Fig. 2*C*](#F2){ref-type="fig"}). These observations suggest that neither development of diabetes nor suppression of disease involves unconverted Th17 cells in the pancreas. Th1 cells, however, displayed lower percentages ([Fig. 2*B*](#F2){ref-type="fig"}) and minimal cell numbers ([Fig. 2*C*](#F2){ref-type="fig"}) in the pancreas but accumulated more efficiently in the spleen by both criteria during treatment with Ig-p79 relative to Ig-HEL. These results suggest that disease development occurs through conversion from Th17 to Th1 cells, but its suppression is mediated by interference with trafficking of the converted Th1 cells to the pancreas.

![Treatment of Th17-mediated disease with Ig-p79 leads to accumulation of the converted Th1 cells in the spleen and reduced migration to the pancreas. *A*: NOD.scid mouse recipients of Th17 polarized BDC2.5 cells were treated with p79 peptide (*n* = 8), Ig-p79 (*n* = 14), or the control Ig-HEL (*n* = 16) and then monitored for blood glucose levels for a period of 16 days. *B* and *C*: CD4^+^ T cells were isolated from the spleen and pancreatic islets of Ig-HEL-- and Ig-p79--treated mice (*n* = 6 per group) on day 4 and 8 post Th17 cell transfer and stimulated in vitro with PMA/ionomycin for 2 h in the presence of Brefeldin A; intracellular IFN-γ and IL-17 were measured in CD4^+^V-β4^+^ T cells. *B*: Representative dot plot cytokine measurement with the numbers in each quadrant indicating the percentage of cytokine-positive cells. *C*: Absolute number of IFNγ^+^IL-17^−^ or IFNγ^−^IL-17^+^ cells in spleen and pancreas. Each bar represents mean ± SEM of 12 mice from four experiments. \*\**P* \< 0.01, \**P* \< 0.05.](2054fig2){#F2}

Downregulation of CXCR3 expression on Th1 cells is essential for Ig-p79--mediated interference with cell trafficking to the pancreas. {#s15}
-------------------------------------------------------------------------------------------------------------------------------------

To explore the mechanisms underlying Ig-p79--mediated interference with cell trafficking, we analyzed the expression of the chemokine receptors CCR6 and CXCR3 on Th17 cells before transfer and on both converted Th1 and residual Th17 cells after treatment with Ig-p79. Before transfer, 87% of Th17 cells expressed CCR6, the signature Th17 chemokine receptor ([@B27]), and only 26% had the Th1 signature chemokine receptor CXCR3 ([@B28]) ([Fig. 3*A*](#F3){ref-type="fig"}). It is interesting that after transfer and treatment with Ig-HEL, 82% of the converted IFN-γ--producing cells upregulated CXCR3 (mean fluorescence intensity \[MFI\] = 57) and only 12% retained low CCR6 expression (MFI = 7), while 89% of residual IL-17--producing cells maintained high CCR6 (MFI = 56) and 33% had low CXCR3 expression (MFI = 23) ([Fig. 3*B*](#F3){ref-type="fig"}). In contrast, with Ig-p79, the number of converted Th1 cells expressing CXCR3 diminished to 42% despite the fact that the number of cells expressing CCR6 went down from 87% before transfer ([Fig. 3*A*](#F3){ref-type="fig"}) to 15% after treatment ([Fig. 3*B*](#F3){ref-type="fig"}). Furthermore, the MFI for CXCR3 on the converted Th1 cells was significantly lower in the spleen and PLNs of the Ig-p79--treated mice ([Fig. 3*C*](#F3){ref-type="fig"}). These results indicate the Th17-to-Th1 conversion is accompanied by the acquisition of CXCR3 expression on the converted Th1 cells. Ig-p79 downregulates CXCR3 expression, leading to retention of the cells in the spleen and, hence, the greater frequency of IFN-γ^+^ cells relative to Ig-HEL--treated mice ([Fig. 3*B*](#F3){ref-type="fig"}). Analysis of T-bet expression on day 8 posttransfer indicated a decrease in MFI from 36 with Ig-HEL to 18 with Ig-p79 ([Fig. 3*D*](#F3){ref-type="fig"}). Similar results were observed at day 4 posttransfer (not shown). These observations bode well with the dependence of CXCR3 on T-bet expression ([@B29],[@B30]). Ig-p79 treatment does not significantly interfere with CXCR3 ligand expression in the pancreatic islets because *cxcl9* and *cxcl10*, but not *cxcl11*, expression increased from 35- to 50-fold upon transfer of Th17 cells and persisted at similar levels after treatment with Ig-HEL or Ig-p79 ([Fig. 3*E*](#F3){ref-type="fig"}). *ccl20*, the ligand for CCR6 ([@B31]), remained at basal level in all experimental groups ([Fig. 3*E*](#F3){ref-type="fig"}), suggesting that the absence of *ccl20* rather than the treatment with Ig-p79 may be responsible for the lack of relocation of unconverted Th17 cells to the pancreas. In fact, NOD.scid mice have a fivefold decrease in pancreatic CCL20 mRNA relative to NOD mice (not shown). Nevertheless, this may serve as a safeguard against residual Th17 cells. Therefore, these results suggest that downregulation of CXCR3 on the converted Th1 cells is responsible for the diminished migration to the pancreas. In fact, the very few converted Th1 cells that relocated to the pancreas after treatment with Ig-p79 displayed a pattern of cell division similar to those Th1 cells that efficiently migrated to the pancreas under Ig-HEL treatment ([Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1723/-/DC1)). Also, the converted Th1 cells that were retained in the spleen under Ig-p79 treatment had a similar pattern of cell division as the fewer cells within the same site under Ig-HEL treatment ([Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1723/-/DC1)). No difference was observed in cell death analysis in both organs under either treatment ([Supplementary Fig. 2*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1723/-/DC1)). Thus, proliferation and apoptosis of the converted Th1 cells are not responsible for their increased frequency in the spleen and diminished number in the pancreas, emphasizing the fact that Ig-p79 interferes with trafficking of converted Th1 cells.

![Treatment with Ig-p79 interferes with CXCR3 expression on converted Th1 cells. *A*: Expression of CXCR3 and CCR6 on polarized Th1 and Th17 cells. Chemokine receptor expression was analyzed on CD4^+^V-β4^+^ gated cells. Results are representative of four independent experiments. Numbers in histograms represent the percentage of cells that are positive for CXCR3 or CCR6 expression. *B* and *C*: NOD.scid mice were transferred with Th17 polarized BDC2.5 cells and treated with Ig-HEL or Ig-p79 (3--6 mice per group). The mice were killed on day 8 after treatment, and their splenic and PLN CD4^+^ T cells were isolated. T cells were then stimulated with PMA/ionomycin for 2 h in the presence of Brefeldin A and stained for surface CXCR3 and CCR6 and for intracellular IFN-γ and IL-17. *B*: Representative experiment of splenic CD4^+^V-β4^+^IFN-γ^+^IL-17^−^ (converted Th1) and CD4^+^V-β4^+^IFN-γ^−^IL-17^+^ (unconverted Th17) cells (*left*) and expression of CXCR3 and CCR6 by each population (*right*). The numbers in histograms represent the percentages of CXCR3- or CCR6-expressing cells among the converted Th1 and unconverted Th17 cells. *C*: MFI of CXCR3 expression on splenic and PLN CD4^+^V-β4^+^IFN-γ^+^IL-17^−^ cells on day 8 after treatment with Ig-p79 or Ig-HEL. Each bar represents the mean ± SEM of 10 mice from three independent experiments. \*\**P* \< 0.01, \**P* \< 0.05. *D*: T-bet expression by splenic CD4^+^V-β4^+^IFN-γ^+^IL-17^−^ cells on day 8 after Ig-p79 or Ig-HEL treatment. The numbers above the line represent the MFI, and those under the line represent the frequencies of T-bet^+^ cells. The results are representative of three independent experiments. *E*: Quantitative PCR analysis of *cxcl9*, *cxcl10*, *cxcl11*, and *cxcl20* chemokine expression in pancreatic islets on day 8 following Ig-p79 or Ig-HEL treatment. Each bar represents the mean ± SEM of 7 mice from two independent experiments. RQ, relative quantity.](2054fig3){#F3}

This mechanism of tolerance by Ig-p79 is also operative with polarized or conventional Th1 cells. Indeed, Ig-p79, but not Ig-HEL, suppressed diabetes mediated by transfer of polarized Th1 cells ([Fig. 4*A*](#F4){ref-type="fig"}). Moreover, while Ig-HEL led to a similar frequency of IFN-γ--producing cells in the spleen and pancreas, Ig-p79 yielded a much higher frequency and absolute cell number in the spleen relative to the pancreas ([Fig. 4*B* and *C*](#F4){ref-type="fig"}). In addition, Ig-p79, but not Ig-HEL, downregulated CXCR3 and T-bet expression on splenic Th1 cells ([Fig. 4*D*](#F4){ref-type="fig"}). The difference was significant as measured by MFI ([Fig. 4*E*](#F4){ref-type="fig"}). Finally, *cxcl9*, *cxcl10*, and *cxcl11* gene expression was upregulated upon Th1 transfer, and treatment with Ig-HEL and Ig-p79 did not change such pattern of expression ([Fig. 4*F*](#F4){ref-type="fig"}). These results indicate that Ig-p79 diminishes CXCR3 expression on polarized Th1 cells, leading to defective trafficking to the pancreas as with converted Th1 cells. In fact, when CXCR3 was overexpressed in the polarized Th17 cells, Ig-p79 was no longer able to suppress the disease despite conversion of the cells into Th1 cells ([Fig. 5](#F5){ref-type="fig"}). Indeed, when polarized Thy1.2 Th17 cells were infected with the mouse stem cell virus (MSCV) carrying CXCR3-IRES-Thy1.1 ([@B19]), the transduced cells, which expressed CXCR3 ([Fig. 5*A*](#F5){ref-type="fig"}), induced diabetes that had a similar kinetic as disease in mouse recipients of empty vector--transduced cells ([Fig. 5*B*](#F5){ref-type="fig"}). The cells did convert into Th1 cells whether transduced with CXCR3 or empty vector because 31 and 28% of the cells produced IFN-γ, respectively ([Fig. 5*C*](#F5){ref-type="fig"}). It is interesting that while the mouse recipients of empty vector--transduced Th17 cells did not develop type 1 diabetes when treated with Ig-p79, those recipients of CXCR3-transduced cells did ([Fig. 5*D*](#F5){ref-type="fig"}). Treatment with Ig-HEL did not protect against the disease, regardless of whether the cells were transduced with CXCR3 or empty vector. These observations indicate that overexpression of CXCR3 nullifies Ig-p79--induced tolerance. Overall, downregulation of CXCR3 is essential for tolerance of Th17-derived Th1 cells and suppression of type 1 diabetes.

![Polarized, like--converted Th1 cells, downregulate CXCR3 and T-bet upon treatment of the NOD.scid host with Ig-p79. *A*: Polarized Th1 cells were transferred into NOD.scid mice, and the hosts were treated with p79 peptide (*n* = 8), Ig-HEL (*n* = 12), or Ig-p79 (*n* = 16) and monitored for blood glucose levels. The graph shows diabetes incidence during a 16-day monitoring period. *B*: Intracellular IFN-γ and IL-17 production by splenic and pancreatic CD4^+^V-β4^+^ T cells harvested on day 5 after Th1 transfer. Results are representative of three independent experiments. Numbers indicate the percentage of cells in each quadrant. *C*: Absolute number of IFN-γ^+^CD4^+^V-β4^+^ T cells in the spleen and pancreas on day 2 and 5 after Th1 transfer. Each point represents the mean ± SEM of 10 mice from three independent experiments. *D*: CXCR3 and T-bet expression on splenic IFN-γ^+^CD4^+^V-β4^+^ T cells on day 5 after Th1 transfer. Results are representative of four independent experiments. *E*: MFI of CXCR3 and T-bet expression by Th1 cells described in *D*. Each bar represents the mean ± SEM of 12 mice. *F*: Quantitative PCR analysis of *cxcl9*, *cxcl10*, *cxcl11*, and *cxcl20* chemokine expression in pancreatic islets on day 5 after Th1 transfer. Each bar represents mean ± SEM of 6 mice from two independent experiments. \*\**P* \< 0.01. \**P* \< 0.05. RQ, relative quantity.](2054fig4){#F4}

![Overexpression of CXCR3 in plastic Th17 cells confers resistance to converted Th1 cells against Ig-p79--induced tolerance. *A*--*C*: Polarized Th17 BDC2.5 T cells (Thy1.2) were transduced ex vivo with MSCV-CXCR3-IRES-Thy1.1 or empty MSCV-IRES-Thy1.1 vector and transferred into NOD.scid mice. The hosts were then monitored for blood glucose levels, and the transferred Th17 cells were analyzed for Th17-to-Th1 conversion. *A*: Expression of Thy1.1 by CD4^+^V-β4^+^ polarized Th17 cells and expression of CXCR3 by Thy1.1^+^CD4^+^V-β4^+^ polarized Th17 cells. *B*: Diabetes incidence of mouse recipients of Th17 cells described in *A* (*n* = 4 per group). *C*: Production of IFN-γ and IL-17 by CXCR3-transduced CD4^+^V-β4^+^Thy1.1^+^ cells before and 7 days after transfer. Results in *A*--*C* are representative of three independent experiments. *D*: NOD.scid mouse recipients of CXCR3- or empty vector--transduced Th17 cells were treated with Ig-HEL or Ig-p79 (*n* = 4 per group) and monitored for diabetes. Data depict diabetes incidence. Experiment was performed twice with consistent results.](2054fig5){#F5}

Th17 cells are unable to undergo Th1 conversion upon transfer into NOD mice and require depletion of regulatory T cells to transfer diabetes to the host. {#s16}
---------------------------------------------------------------------------------------------------------------------------------------------------------

Both neonatal and adult mice do not support prominent Th17-to-Th1 conversion ([@B7],[@B17]). Thus, adult NOD mice would provide a model to assess stable Th17 cells for transfer of diabetes. In an initial investigation, we found that upon transfer into NOD mice, Th17 cells (CD4^+^V-β4^+^CFSE^+^) were stable, produced IL-17, and did not convert into IFN-γ--producing cells ([Fig. 6*A*](#F6){ref-type="fig"}). Histological examination of the pancreas showed that while the animals without transfer had little infiltration, recipients of Th17 cells had a significant cell infiltration comparable with the control Th1 transfer ([Fig. 6*B*](#F6){ref-type="fig"}). Furthermore, the Th17 recipients had normal blood glucose levels during the 21-day observation period, while those given Th1 cells developed diabetes within 5 days posttransfer ([Fig. 6*C*](#F6){ref-type="fig"}). Thus, Th17 cells, which usually induce CCL20 in the site of inflammation ([@B32]), trigger pancreatic histopathology upon transfer into 4-week-old NOD mice that could not evolve into clinical diabetes. Given the fact that regulatory T cells (Tregs) remain functional in 4-week-old NOD mice ([@B18],[@B25]) and can suppress Th17 cells ([@B33]--[@B35]), it is possible that host Tregs interfere with initiation of inflammation and development of clinical diabetes. In fact, when NOD.FoxP3^GFP.DTR^ mice were depleted of Tregs by injection of DT at age 4 weeks, the transfer of Th17 cells induced diabetes. Indeed, while animals given DT without Th17 transfer had no clinical diabetes, 75% of those given both DT and Th17 cells had diabetes by day 11 posttransfer ([Fig. 6*D*](#F6){ref-type="fig"}). Overall, stable Th17 cells trigger pancreatic inflammation without clinical diabetes in the NOD mouse, but depletion of Tregs sustains transition to overt diabetes.

![Ig-p79 ameliorates islet histopathology and clinical diabetes caused by transfer of Th17 cells into NOD mice. *A*: CFSE-labeled Th17 cells were transferred into 4-week-old female NOD mice and 7 days later, the splenic cells were stimulated with p79 peptide for 16 h. Cells were stained with anti--V-β4 and anti-CD4 antibodies and then stained for intracellular IFN-γ and IL-17 cytokines. The plot shows IFN-γ and IL-17 production by CD4^+^CFSE^+^V-β4^+^ T cells. Results are representative of three independent experiments. *B*: Hematoxylin-eosin (H-E) staining (×100 magnification) of nonserial pancreatic sections (200 μm apart) from NOD mice that did not receive T-cell transfer (no transfer, *n* = 3) or mouse recipients of either Th1 or Th17 polarized cells (*n* = 6 per group). *C*: Blood glucose levels (mg/dL) of individual NOD mouse recipients of either Th1 or Th17 polarized cells (*n* = 5 per group). *D*: Incidence of diabetes in NOD.FoxP3^GFP.DTR^ mouse recipients of Th17 cells (*n* = 8 per group) that were treated with DT or PBS. A group treated with DT without transfer of Th17 cells (*n* = 3) was included for control purposes. *E*: Representative H-E staining and islet infiltration severity scores (bar graph) of NOD mouse recipients of Th17 cells treated with Ig-p79 or Ig-HEL (*n* = 6 per group). The scoring system is described in [research design and methods]{.smallcaps}. Percentages represent the number of islets with a specific score over the total number of islets (30--40 per pancreas). *F*: Incidence of diabetes in Treg-depleted (by DT) NOD.FoxP3^GFP.DTR^ mouse recipients of Th17 cells treated with Ig-p79 or Ig-HEL (*n* = 10 per group). *G*: Frequency of CFSE^+^CD4^+^V-β4^+^ T cells recovered from pancreatic islets of NOD or Treg-depleted NOD.FoxP3^GFP.DTR^ mouse recipients of Th17 transfer treated with Ig-p79 or Ig-HEL. All pancreatic histology and flow cytometry analyses (*B*, *E*, and *G*) were performed on day 7 post T-cell transfer. Results in each panel are representative of two or three independent experiments. (A high-quality digital representation of this figure is available in the online issue.)](2054fig6){#F6}

Ig-p79 suppresses pancreatic inflammation and diabetes mediated by stable Th17 cells. {#s17}
-------------------------------------------------------------------------------------

To determine whether the stable Th17 cells can be tolerized by Ig-p79, the NOD mouse recipients of Th17 cells (without depletion of Tregs) were given the chimera and assessed for pancreatic inflammation. The results show that the majority (57%) of the islets had minimal infiltration (no insulitis), and the remaining islets had peri-insulitis (25%) or intrainsulitis (18%) ([Fig. 6*E*](#F6){ref-type="fig"}). In contrast, in untreated and Ig-HEL--treated mice, most of the islets (51 and 66%, respectively) displayed intrainsulitis ([Fig. 6*E*](#F6){ref-type="fig"}). Furthermore, Ig-p79, but not Ig-HEL, was able to suppress clinical diabetes when given to DT-treated NOD.FoxP3^GFP.DTR^ mouse recipients of Th17 cells ([Fig. 6*F*](#F6){ref-type="fig"}). Analysis of Th17 relocation to the pancreas showed a minimal frequency of carboxyfluorescein succinimidyl ester (CFSE)-labeled cells in mice treated with Ig-p79 versus Ig-HEL ([Fig. 6*G*](#F6){ref-type="fig"}). Thus, Ig-p79 is able to suppress both forms of disease.

Stable Th17 cells undergo apoptosis upon treatment with Ig-p79. {#s18}
---------------------------------------------------------------

Upon treatment with Ig-p79, the stable Th17 cells were barely found in the pancreas ([Fig. 6*G*](#F6){ref-type="fig"}). This suggests that the cells were retained and/or died in other organs and could not reach the pancreas. To address this issue, we searched for the Th17 cells in both the spleen and PLNs of Treg-depleted as well as undepleted mice. The results show that very few cells were available in the spleen in Ig-p79--treated relative to untreated or Ig-HEL--treated mice ([Fig. 7*A*](#F7){ref-type="fig"}). Moreover, by day 2 post Ig-p79 treatment, the number of Th17 cells decreased significantly in the spleen and PLNs relative to Ig-HEL treatment in both strains, and by day 7, the Th17 cells were barely detectable in either organ ([Fig. 7*B*](#F7){ref-type="fig"}). The treatment with Ig-p79 did not induce conversion because there were no Th1 cells in the PLNs of either strain and the very few residual cells were IL-17--producing cells like the untreated or Ig-HEL--treated mice ([Fig. 7*C*](#F7){ref-type="fig"}). Overall, Ig-p79 did not induce conversion but reduced the number of Th17 cells in the spleen and PLNs. Since there were very few cells in the pancreas ([Fig. 6](#F6){ref-type="fig"}), it is likely that Ig-p79 induced death of the cells. Indeed, when the splenic stable Th17 cells were analyzed for incorporation of 7 amino-actinomycin D (7-AAD) on day 2 after transfer, there was a significant incorporation of 7-AAD by the Th17 cells in both NOD and DT-NOD.FoxP3^GFP-DTR^ mice, indicating that the cells were undergoing apoptosis ([Fig. 7*D*](#F7){ref-type="fig"}). The untreated or Ig-HEL--treated mice had much less incorporation of 7-AAD. Like in the spleen, significant 7-AAD incorporation was also observed in the PLNs ([Fig. 7*E*](#F7){ref-type="fig"}). Incorporation of 7-AAD continued at a similar level on day 7, indicating that the residual cells are undergoing death at a significant rate. Furthermore, in the Ig-p79--treated mice, the cells displayed an increased level of FasL but decreased expression of ROR-γt relative to untreated or Ig-HEL--treated mice ([Fig. 7*F*](#F7){ref-type="fig"}). Since ROR-γt functions as a negative regulator for FasL ([@B36]), it is likely that its downregulation in Th17 cells led to the upregulation of FasL, the trigger of a signaling cascade that sustains apoptosis ([@B37],[@B38]). Collectively, these results indicate that upon treatment with Ig-p79, stable Th17 cells undergo apoptosis in the spleen and PLNs, which explains the lack of Th17 cells in the pancreas.

![Apoptosis of nonconverting Th17 cells represents the mechanism underlying amelioration of clinical and histopathological diabetes by Ig-p79. NOD or Treg-depleted NOD.FoxP3^GFP.DTR^ mouse recipients of CFSE-labeled Th17 cells were treated with Ig-p79 or Ig-HEL and the spleens or PLNs were harvested at the indicated time points. *A*: Frequency of CD4^+^V-β4^+^CFSE^+^ Th17 cells on day 2 after treatment with Ig-p79 or Ig-HEL (*n* = 2 for each time). A group of mice that did not receive any treatment (Untreated) is shown for control purposes. *B*: Absolute cell number of CD4^+^V-β4^+^CFSE^+^ cells in spleen and PLNs on day 2 and 7 posttransfer. Numbers represent the mean ± SEM of six mice. *C*: Production of intracellular IFN-γ and IL-17 by cells gated on CD4^+^V-β4^+^CFSE^+^ from the PLNs that were harvested on day 7 posttransfer and stimulated with p79 peptide. *D*: 7-AAD binding by splenic cells from the mice described in *A*. *E*: Percentage of 7-AAD^+^ cells gated on CD4^+^V-β4^+^CFSE^+^ from spleen and PLNs on day 2 and 7 posttransfer of CFSE-labeled Th17 cells. Percentages represent the mean ± SEM of six mice. *F*: FasL and ROR-γt expression by cells gated on CD4^+^V-β4^+^CFSE^+^ on day 2 for untreated, Ig-p79--, or Ig-HEL-- treated mice (*n* = 2 for each time) post Th17 transfer. Numbers above the line represent the MFI and those under the line represent the frequencies of FasL^+^ or ROR-γt^+^ cells. Results in each panel are representative of three independent experiments. \*\**P* \< 0.01, \**P* \< 0.05.](2054fig7){#F7}

Polarized Th1 cells downregulate CXCR3 rather than undergo apoptosis upon treatment with Ig-p79. {#s19}
------------------------------------------------------------------------------------------------

Th1 cells that convert from Th17 cells upon transfer into lymphopenic NOD.scid mice downregulate CXCR3 during suppression of diabetes by Ig-p79 ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). However, Th17 cells that do not convert into Th1 cells upon transfer into nonlymphopenic NOD mice undergo apoptosis during similar disease suppression by Ig-p79 ([Figs. 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). To determine whether the differential mechanism of tolerance among converted Th1 and stable Th17 cells is intrinsic to the target cell or dictated by the host environment, we transferred polarized Th1 cells into nonlymphopenic NOD mice and delineated the mechanism of tolerance during suppression of diabetes by Ig-p79. The results show that Ig-p79, but not Ig-HEL, suppresses diabetes transferred to the NOD hosts by polarized Th1 cells ([Fig. 8*A*](#F8){ref-type="fig"}). Furthermore, treatment with Ig-p79, but not Ig-HEL, led to retention of the Th1 cells in the spleen ([Fig. 8*B*](#F8){ref-type="fig"}). Indeed, during treatment with Ig-p79, 2.4% of the Th1 cells remained in the spleen, while only 0.25% of the cells were found in the same organ during treatment with Ig-HEL. Moreover, there were only 1.4 ± 0.6 × 10^2^ cells in the pancreas relative to 6.2 ± 1.8 × 10^4^ cells in Ig-HEL--treated mice. It is interesting that while the rate of apoptosis was low with either treatment ([Fig. 8*C*](#F8){ref-type="fig"}), expression of CXCR3 was downregulated by Ig-p79 relative to treatment with Ig-HEL ([Fig. 8*D*](#F8){ref-type="fig"}). Thus, stable Th1 cells downregulate CXCR3 during suppression of diabetes with Ig-p79.

![Polarized Th1 cells transferred into NOD mice downregulate CXCR3 expression upon treatment with Ig-p79. CFSE-labeled polarized Th1 cells were transferred into NOD mice and 24 h later, the hosts were given Ig-p79 or the control Ig-HEL. *A*: Incidence of diabetes in both groups of mice (*n* = 6 per group). *B*--*D*: The frequency of splenic CD4^+^V-β4^+^CFSE^+^ cells (*B*), their apoptosis (*C*), and CXCR3 expression (*D*) was analyzed on day 2 after T-cell transfer. The numbers indicate the mean ± SEM of six mice. Each panel is representative of three independent experiments.](2054fig8){#F8}

DISCUSSION {#s20}
==========

Although interference with costimulation ([@B39],[@B40]), inhibition of cell metabolism ([@B41]), decreased chemotaxis ([@B42]), or suppression by Tregs ([@B29]) have been proven effective against Th1 cells, to date it is not clear whether these strategies would be effective against Th17 cells. Herein, we engineered and used the tolerogen Ig-p79 to define the mechanism by which Th1 and Th17 cells undergo tolerance. Specifically, we investigated Treg-independent mechanisms of Th17 tolerance under conversion-permissive and nonpermissive environments. Our findings demonstrate that upon transfer into NOD.scid mice, Th17 cells convert into Th1 cells in an IL-12--dependent manner, but the hosts develop a delayed diabetes relative to transfer of Th1 cells. It is interesting that when the hosts are treated with Ig-p79, both pancreatic infiltration and disease subsided. However, we observed retention of Th1 cells in the spleen, as was the case for the treatment of spontaneous diabetes with Ig-GAD2 ([@B9]). Since Th1 cells upregulate CXCR3 to traffic to the site of inflammation ([@B29]), we envisioned that the splenic retention during Ig-p79 treatment could be related to interference with CXCR3 expression within this organ. This was indeed the case, for the splenic Th1 cells had diminished CXCR3 expression. Given the fact that the expression in the pancreas of the ligands for CXCR3 was unaffected by the treatment, it is likely that interference with CXCR3-mediated trafficking is responsible for suppression of diabetes. In fact, overexpression of CXCR3 by viral transduction nullifies disease suppression by Ig-p79 despite effective Th17-to-Th1 conversion. This mechanism seems to be operative with polarized Th1 cells as well. The finding that T-bet is downregulated by Ig-p79 treatment provides support to the diminished expression of CXCR3 because the two molecules usually display coordinated expression in both Th1 cells ([@B30]) and Tregs, providing a means for the latter to track their Th1 targets in the site of inflammation ([@B29]).

On the other hand, when the Th17 cells were transferred into NOD mice, there was no conversion into Th1 cells, and the hosts displayed islet infiltration without progression into diabetes unless the mice were depleted of their Tregs. In this case, treatment with Ig-p79, which still suppressed diabetes, did not drive conversion of the Th17 cells but reduced their frequency in the pancreas, the PLNs, and even the spleen. Unlike Th1 cells, the stable Th17 cells showed expression of apoptotic markers and upregulated FasL. Apoptosis was restricted to Th17 cells because treatment of NOD host recipients of Th1 transfer with Ig-p79 did not drive death of the cells. It is interesting that Th1 and Th17 cells targeted with the same antigen-specific treatment undergo tolerance by different mechanisms: interference with trafficking for Th1 cells and apoptosis for Th17 cells. More intriguing, even Th1 cells originating from conversion of Th17 cells use the trafficking rather than the apoptotic mechanism. This may reflect a change in the cell signaling networks when the transcription program shifts from IL-17 to IFN-γ. Given that the expression of CXCR3 is regulated by T-bet in both Th1 cells and Tregs ([@B29],[@B30]) and that Ig-p79 downregulates T-bet expression, it is logical that CXCR3 expression diminishes regardless of the origin of Th1 cells. For stable Th17 cells, however, despite the fact that Ig-p79 signaling induced downregulation of ROR-γt, the cells upregulated FasL and underwent apoptosis. Again, given that ROR-γt negatively controls FasL expression ([@B36]), it is understandable that Ig-p79 drives death of the Th17 cells. Overall, this study shows that Ig-p79 antigen-specific therapy of type 1 diabetes targets the specific signature transcription factor to terminate the pathogenic function of Th1 and Th17 cells according to the pathways controlled by these specific factors. This is therapeutically significant because the strategy will be able to overcome the plasticity associated with pathogenic Th cells.
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###### Supplementary Data

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1723/-/DC1>.
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